Introduction
Monoclonal antibodies (mAbs) are increasingly important therapeutics for the treatment of cancer, as well as immunological and infectious diseases (Nelson et al., 2010) . The reasons for the great success of mAbs are their ability to bind virtually any antigen with high affinity and specificity, the long in vivo half life and effector functions such as antibodydependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) (Kubota et al., 2009 ).
An immunoglobulin G (IgG) molecule can be dissected into two antigen-binding fragments (Fabs) and one crystallizable fragment (Fc). Except for antigen binding, the Fc is responsible for all other functions of the antibody through interaction with various ligands: Interaction with the neonatal Fc receptor (FcRn) results in a prolonged in vivo half life, binding to Fcg receptor IIIa (FcgRIIIa, CD16a) triggers ADCC and interaction with C1q initiates the classical pathway of the complement system, resulting in CDC (Kubota et al., 2009) .
The Fc fragment of IgG is a homodimer with each chain comprising a CH2 and a CH3 domain. The main contributions for the formation of the dimer come from the two disulfide bonds in the hinge-region, as well as from extensive interactions between residues of the two CH3 domains (Dall'Acqua et al., 1998) . Each domain is composed of two b-sheets, building the typical immunoglobulin fold. Interestingly, comparison of 3D structures of Ig-like domains belonging to the immunoglobulin fold family (IgFF) revealed that the loops connecting the b-strands greatly vary in sequence and length, whereas the core structure of the b-sheets is highly conserved (Halaby et al., 1999) .
On the basis of this observation, it was hypothesized that the C-terminal structural loops of the CH3 domains of human IgG1-Fc would tolerate mutations, enabling the construction of binding sites without destroying the overall fold of the immunoglobulin domain (Wozniak-Knopp et al., 2010) . Since all receptor-binding sites responsible for effector functions are located in the Fc, the incorporation of an antigen-binding site into this fragment would yield a protein that possesses all antibody functions at only one-third of the size of a full IgG molecule. The reduced size might lead to more efficient tumor penetration and increased production yields compared with full size antibodies.
This strategy was successfully applied in two studies, resulting in the generation of Fcabs (Fc antigen binding) with high affinities to avb3 integrin (Traxlmayr et al., 2011) or to the breast cancer associated tumor antigen Her2/neu (Wozniak-Knopp et al., 2010) . Importantly, binding to biologically important Fc ligands, such as FcgRIII and FcRn, was retained in these Fcabs (Traxlmayr et al., 2011) . Moreover, the Fcab clone H10-03-6, which is directed against Her2/neu, triggered ADCC activity of natural killer cells against a Her2/neu-positive cell line and the in vivo half life in mice was similar to wild-type . Together, those studies demonstrated that this is a very potent strategy for the construction of small proteins ( 50 kDa) that contain all properties of a full size antibody including antigen binding.
As expected, mutating the structural loops at the C-terminal tip of the CH3 domains resulted in decreased thermal stabilities of such Fcabs compared with Fc-wt (Traxlmayr et al., 2011; . However, a high thermal stability is a prerequisite for high efficiency of therapeutic proteins in vivo. For example, increasing the thermal stability of a single-chain variable fragment (scFv) directed against the tumor antigen epithelial glycoprotein-2 (EGP-2) improved the resistance to degradation by serum proteases (Willuda et al., 1999) . Moreover, only the stabilized scFv showed enrichment in a solid tumor in vivo. Those findings prompted us to stabilize the Her2/neu-binding Fcab clone H10-03-6 (Wozniak- Knopp et al., 2010) . Recently, this has been done by introducing disulfide bonds into the CH3 domains of this protein . However, these additional mutations potentially increase the risk of immunogenicity.
In this study, we therefore aimed at selecting more stable Fcabs from a library with re-randomized loop regions in the CH3 domains. Since these regions are already mutated in the parental clone, no further mutations with respect to Fc-wt were necessary. AB-and EF-loops of the CH3 domains were randomized by parsimonious mutagenesis and the resulting Fcab library was displayed on yeast, followed by heat incubation and selection for retained binding to Her2/neu. Selected Fcab clones were expressed solubly in Pichia pastoris and in human embryonic kidney (HEK) 293 cells. All tested proteins exhibited an increased thermal stability and a more wild-type like size exclusion chromatography (SEC) profile compared with the parental clone, indicating a more compact fold with less hydrophobic patches on the surface. We discuss the performed directed evolution protocol and its applicability for enhancing the conformational stability and resistance to aggregation of antigen-binding scaffolds.
Materials and methods

Cloning and library construction
The human IgG1-Fc gene including the hinge-region, the CH2 and the CH3 domain was codon-optimized for expression in Saccharomyces cerevisiae and subsequently BamHI/ NotI-cloned into the yeast surface display vector pYD1 (Invitrogen, Carlsbad, CA), resulting in the vector pYD1-Fc. Expression of C-terminal tags present on pYD1 was avoided by incorporation of a stop codon directly after the CH3 domain, resulting in surface display of the following fusion protein: Aga2p-GlySerLinker-Xpress-hinge-CH2-CH3.
The parental clone of this project (H10-03-6) was selected from an Fc-library that was randomized at positions 358-362 located in the AB-loop and at positions 413-415 and 418-419 in the EF-loop of the CH3 domain (Eu numbering system (Kabat et al., 1991) ). Moreover, five randomized residues were inserted into the region 413 -415 (WozniakKnopp et al., 2010) . In the present work the same positions were randomized by parsimonious mutagenesis (Balint and Larrick, 1993) . A polymerase chain reaction (PCR) was performed with the primers H10-03-6AB_mut and H10-03-6EF_mut covering the AB-and EF-loop, respectively (Supplementary Fig. S1 ). At the first two nucleotide positions of each randomized codon 79% of the original nucleotide and 7% each of the other three were mixed during primer synthesis. At the third position, 86% of the original nucleotide and 14% of another one (86% C/14% G; 86% T/14% G; 86% G/ 14% T) were chosen. No A was used at the third codonposition in order to minimize the occurrence of stop codons. The resulting PCR product was elongated in a second PCR (primers AB_nest and EF_nest, Supplementary Fig. S1 ). Subsequently, the vector pYD1-Fc (described above) was XmaI/NsiI digested resulting in a linearized pYD1-Fc missing part of the CH3 domain (AB-and EF-loop and the region in between). The elongated PCR insert and the linearized vector comprised overlapping regions allowing homologous recombination ( Supplementary Fig. S1 ) after transformation of S. cerevisiae EBY100 (Invitrogen) by using the lithium acetate method (Gietz and Schiestl, 2007 Induction of surface expression, heat shock, flow cytometric sorting and DNA isolation After growing the yeast cultures in SD-CAA at 288C overnight, they were passaged to an OD 600 of 1 and cultured in SD-CAA at 288C for 4 h. For induction of surface expression, the cells were set to an OD 600 of 1 in SGR-CAA (similar to SD-CAA, but 20 g/l galactose and 10 g/l raffinose instead of glucose, both from Sigma) and incubated for 18-20 h at 208C, shaking. Subsequently, the yeast cells displaying the Fc library were centrifuged, resuspended in phosphate-buffered saline (PBS)/bovine serum albumin (BSA) (0.2 g/l KCl, 0.2 g/l KH 2 PO 4 , 8 g/l NaCl, 1.15 g/l Na 2 HPO 4 anhydrous þ 20 g/l bovine serum albumin; Sigma, St Louis, MO) to an OD 600 of 3. After splitting the sample into 700 mL aliquots in microfuge tubes, they were incubated on ice for at least 10 min, followed by heat incubation at 668C/300 rpm/10 min in a thermomixer (Eppendorf, Hamburg, Germany) and incubation on ice again. After centrifugation, the cells were incubated with 3 nM Her2/neu-ECD (extracellular domain of Her2/neu, produced in HEK293 cells and purified by SEC) which had been biotinylated before by using the EZ-Link Sulfo-NHS-LC-LC-Biotin kit (Thermo Fisher Scientific, Waltham, MA). The cells were washed with ice-cold PBS/BSA and resuspended in PBS/BSA supplemented with streptavidin-R-phycoerythrin (1 : 200) and 5 mg/ml anti-Xpress antibody (both from Invitrogen, Carlsbad, CA, USA) that had been labeled with allophycocyanin (APC) (LYNX Rapid APC Antibody Conjugation Kit, AbD Serotec, Kidlington, UK). For the selection experiment where a structurally specific Fc-ligand was included, either 2 mg/ml fluorescein isothiocyanate isomer 1-labeled antihuman IgG CH2-domain antibody (anti-CH2-FITC, clone MK 1 A6, AbD Serotec, Kidlington, UK) or 1 mg/ml His-tagged Fc g-receptor I (FcgRI, also termed CD64; R&D Systems, Abingdon, UK) was added. In case of FcgRI staining, this was followed by a washing step and incubation in 1 mg/ml Alexa Fluor 488-labeled anti-His antibody (QIAGEN, Venlo, Netherlands). All staining incubations were carried out in PBS/BSA at 48C for 30 min under shaking conditions, except for the Her2/neu-ECD incubation step, which was done at 228C for 1 h. Finally, the cells were washed again, resuspended in ice-cold PBS/BSA and either analyzed on a FACS Canto II or sorted on a FACS Aria cell sorter (both FACS machines from BD, Franklin Lakes, NJ). Since the yeast did not survive heat incubation, plasmid DNA was isolated directly from the sorted cells as described previously, followed by determination of the plasmid yield (Traxlmayr et al., 2012a) . The isolated Fc-library was amplified by PCR using the same primers as in the second PCR of library generation (AB_nest and EF_nest). Finally, yeast was transformed again with the resulting PCR product and XmaI/NsiI digested pYD1-Fc as described above. Five rounds of yeast transformation, surface expression of the Fc-library, heat shock, flow cytometric sorting and DNA isolation were carried out. After rounds 4 and 5, E. coli was transformed with isolated plasmid DNA and 48 clones per library and per round were sequenced. Twenty-two mutants were re-cloned into S. cerevisiae, expressed on the cell surface and analyzed for binding to FcgRI after a heat shock at 60, 65 and 708C for 10 min and for binding to Her2/neu-ECD.
Expression of Fcabs in Pichia pastoris and human embryonic kidney 293 cells and purification
The six most promising clones, H10-03-6 and Fc-wt were subcloned into pPICZa (Invitrogen) for soluble expression in P. pastoris. The pYD1 plasmids containing the respective Fcab sequences served as templates for PCRs with primers flanking the Fc gene. After digestion of the resulting PCR products and of pPICZa with EcoRI/NotI, the Fcab genes were ligated into the open vector. Transformation of P. pastoris X33 with the SacI-linearized vector and methanol-induced soluble expression was performed as described previously (Traxlmayr et al., 2011) .
In addition, Fc-wt, H10-03-6, STAB1, STAB5 and STAB19 were expressed in HEK293 freestyle cells (Invitrogen). Fcab genes were cloned into the mammalian expression vector pCEP4 (Invitrogen) with an N-terminal human Vk signal peptide (Felgenhauer et al., 1990) for secretion. For transient transfection of HEK293 cells polyethylenimine (2 mg/ml; Polysciences, Warrington, PA) was used. After 4-5 days the supernatants were harvested.
After centrifugation the supernatants from P. pastoris or HEK293 cultures were purified by using a 5-ml HiTrap Protein A HP column (GE Healthcare, Waukesha, WI) as described previously (Traxlmayr et al., 2012a) and dialyzed in PBS at 48C overnight (SnakeSkin Dialysis Tubing, 10 000 MWCO, Thermo Fisher Scientific, Waltham, MA).
Size exclusion chromatography and differential scanning calorimetry
For SEC analysis, 100 ml of purified Fcab proteins (in PBS, 100 mg/ml) were loaded onto a Superdex 200 10/300 GL column (GE Healthcare) at a flow rate of 0.5 ml/min using a HP Agilent 1100 HPLC machine. The thermal stabilities of Fcabs were measured by differential scanning calorimetry (DSC). The proteins were diluted to 5 mM in PBS, followed by degassing using a ThermoVac instrument and analysis on a VP-DSC Capillary Cell MicroCalorimeter (MicroCal, Northampton, MA). Samples were heated from 20 to 1108C with a heating rate of 18C/min. After subtraction of buffer baselines, the data were normalized for protein concentration and fitted with a non-2-state thermal unfolding model using the software Origin 7.
Binding to Her2/neu-positive SKBR-3 cells SKBR-3 cells (obtained from ATCC) were cultivated in McCoy's 5A medium, supplemented with 10% FBS and 1.5 mM L-glutamine (all from PAA Laboratories). After detaching the cells by using trypsin/ethylenediaminetetraacetic acid (PAA Laboratories), medium was added, followed by centrifugation, a washing step with PBS/BSA and resuspension in PBS/BSA again (2% BSA for experiments with P. pastoris expressed Fcabs and 0.1% BSA for HEK293 produced Fcabs). The cells were transferred into a 96 well plate (10 5 cells per well), centrifuged and incubated with various dilutions of Fcab mutants. After 1 h, the samples were washed twice with PBS/BSA and surface bound Fcabs were stained with polyclonal R-phycoerythrin-labeled F(ab') 2 fragment directed against human IgG (anti-hIgG-PE; Sigma). After a final washing step the samples were analyzed on a FACS Canto II or a FACS Calibur (both machines from BD). For calculation of the equilibrium dissociation constant (K D ) values, the data points were fitted to a hyperbolic curve according to the following equation (Chao et al., 2006) :
with MFI meas being the measured mean fluorescence intensity and [Fcab] being the Fcab concentration.
Results
Her2/neu-binding of H10-03-6 is diminished after heat incubation
The aim of this study was stabilization of the Her2/neubinding Fcab H10-03-6 by expression of a moderately mutagenized Fcab library on yeast and selection of clones that retained binding to Her2/neu after heat incubation. A prerequisite for this approach is the loss of Her2/neu binding after thermal denaturation of the parental clone H10-03-6.
In order to investigate this, H10-03-6 was expressed on the surface of S. cerevisiae, followed by incubation of the yeast suspension on ice or at 648C for 10 min. After cooling, the cells were incubated with 1, 3 or 10 nM Her2/neu-ECD. Flow cytometric analysis confirmed that Her2/neu binding was not only dependent on the antigen concentration, but also on an intact fold of H10-03-6, because thermal stress resulted in a decrease in the binding intensity to Her2/neu due to irreversible thermal denaturation of Fcab (Fig. 1 ).
Library construction and selection
As described above, Wozniak-Knopp and colleagues selected the Her2/neu-binding Fcab H10-03-6 from an Fc library that was randomly mutated in the AB-( positions 358 -362) and EF-loops [ positions 413 -415 (including five insertions) and 418-419] of the CH3 domains (Eu numbering system; Kabat et al., 1991) . In the present study a library of H10-03-6 variants was constructed by parsimonious mutagenesis of the Stability engineering of Her2/neu-binding IgG1-Fc same positions in the AB-and EF-loops (Fig. 2) . After transformation of S. cerevisiae (yielding 8 Â 10 6 independent clones) analysis of 96 library clones revealed an average amino acid mutation rate of 39% in those loop regions with respect to the H10-03-6 sequence.
Subsequently, the Fcab library was displayed on yeast and incubated at 668C for 10 min, immediately followed by cooling on ice. In order to investigate whether it is necessary to additionally select for natively folded Fc-proteins, two selections were performed. In one experiment, the cells were incubated with 3 nM Her2/neu-ECD and positive cells were selected by flow cytometric sorting. In the other strategy, the Fcabs were selected for binding to both, Her2/neu (also 3 nM) and to a structurally specific ligand (an antibody directed against the CH2 domain in sort rounds 1, 3 and 5 or FcgRI in rounds 2 and 4).
As the yeast does not survive the heat incubation step, plasmid DNA had to be isolated after the sort process, followed by PCR-amplification and transformation of yeast, as described previously (Traxlmayr et al., 2012a) . After four rounds of sorting the selected Fc variants clearly showed increased binding to Her2/neu after heat incubation compared with H10-03-6 (Fig. 3A) . However, there was only a slight difference in binding intensity without prior heating, indicating that the majority of the difference in Her2/neu binding after thermal stress was caused by improvements in thermal stability instead of antigen affinity. Moreover, binding to FcgRI and anti-CH2 was enhanced compared with H10-03-6, indicating that the fold of the selected mutants was more wild type like (Fig. 3B) . Importantly, no difference in binding to FcgRI and anti-CH2 was observed between the two libraries (originating from the selections with or without a structurally specific ligand), suggesting that it is not essential to include a structurally specific ligand in the selection process in order to obtain well-folded Fc variants.
Expression in P. pastoris and characterization of selected Fcabs
After sequencing 96 clones from each library, the 22 most frequent Fcab mutants were displayed on yeast again and individually analyzed for their Her2/neu-binding properties and thermal stability (binding to FcgRI after heat incubation). The AB-and EF-loop sequences of the six best performing mutants, as well as their frequencies in the selected library pools, are shown in Table I . All mutants exclusively contain mutations in the loop regions. STAB1 was the most frequent clone in all libraries, independent of whether a structurally specific ligand was included in the selection process or not. Moreover, the two mutations found in STAB1 are also present in the majority of other selected mutants. Thus, STAB1 can be considered as the 'consensus sequence' in the enriched libraries.
The six clones listed in Table I were expressed solubly in the yeast P. pastoris and analyzed in more detail. First, the thermal stability was determined by DSC. As previously reported, three endothermic transitions were observed for Fc-wt expressed in P. pastoris (Traxlmayr et al., 2011 (Traxlmayr et al., , 2012a : The first midpoint of transition (T m 1) at 668C representing the unfolding of CH2, and T m 2/T m 3 at 78 and 838C, respectively, showing thermal denaturation of the CH3 domains (Fig. 4A) . In contrast, the DSC profile of H10-03-6 only showed one broad transition at 658C, demonstrating that the CH3 domain was strongly destabilized and that its T m values (T m 2 and T m 3) shifted toward the one of CH2. Remarkably, for all selected STAB mutants a shift of the Stability engineering of Her2/neu-binding IgG1-Fc endothermic transitions toward higher temperatures was observed when compared with their parental Fcab H10-03-6 (with STAB19 being the most stable Fcab clone; Fig. 4A ). This confirmed that the mutants that were selected in this study were indeed more stable than their parental Fcab H10-03-6.
In addition, the proteins were analyzed by SEC. Fc-wt showed one sharp peak, whereas the peak of H10-03-6 was markedly broadened compared with Fc-wt and some high molecular weight aggregates (retention time 14 min) were observed (Fig. 4B) . Moreover, the retention time of H10-03-6 was much higher compared with Fc-wt. Interestingly, the increase in thermal stability of the selected clones resulted in clearly improved SEC profiles (Fig. 4B) . All clones except for STAB15 showed more wild-type-like retention times and narrowed peaks compared with H10-03-6. Moreover, in the case of STAB5, STAB11, STAB14 and STAB19 no aggregates were detected. The best performing clones were STAB14 and STAB19 with elution characteristics being nearly identical to Fc-wt.
Next, binding to Her2/neu-positive SKBR-3 cells was investigated ( Fig. 5A and Table II STAB1 was slightly enhanced, whereas STAB5 and STAB11 showed Her2/neu-binding characteristics similar to their parental clone H10-03-6. However, antigen binding of STAB14 and STAB19, which performed best when analyzed by DSC and SEC (Fig. 4) , was weakened approximately 3-and 4-fold, respectively ( Fig. 5A and Table II) .
Characterization of Fcabs expressed in HEK293 cells
Since IgG1-Fc is N-glycosylated in the CH2 domains, there might be differences in the characteristics of Fcabs dependent on whether they are expressed in yeast or human cells. To investigate this, the most promising Fcabs were expressed in HEK293 cells: STAB1 (highest affinity to Her2/neupositive cells), STAB5 (retained affinity and improved stability) and STAB19 (most stable variant), as well as Fc-wt and H10-03-6 for comparison. In contrast to Fc-wt produced in P. pastoris, thermal unfolding of HEK293 expressed Fc-wt only comprised two endothermic transitions (Fig. 4C) representing the unfolding of the less stable CH2 domains, followed by denaturation of the CH3 domains. This finding is consistent with previous studies on native IgG1-Fc purified from human urine (Ghirlando et al., 1999) or serum (Tischenko et al., 1998) . Analogous to the DSC data of the P. pastoris expressed Fc proteins (Fig. 4A) , HEK293 produced H10-03-6 was strongly destabilized compared with Fc-wt, whereas the selected Fcabs were markedly more stable than their parental clone. Again, STAB19 was the most stable one with improvements in both, the CH2-and the CH3-transition (Fig. 4C) .
SEC data of HEK293 expressed Fcabs also confirmed the findings of SEC analysis after expression in P. pastoris.
All three evolved Fcabs showed more wild-type-like retention times compared with H10-03-6 (Fig. 4D) . Only STAB1 showed some aggregation and again, STAB19 was the best performing Fcab.
Furthermore, the long-term storage capacity of HEK293 expressed Fcabs was investigated by incubating them at 22 or 378C for 4 weeks, followed by SEC analysis (Fig. 6 ). Although no (or only little) aggregation has been observed for the parental clone H10-03-6, storing it at 228C or at 378C for 4 weeks resulted in peak broadening and in strong aggregation (emergence of a peak at a retention time of 14 min). However, the SEC profiles of STAB5 and STAB19 were largely unchanged after 4 weeks at 22 or 378C (Fig. 6) . Thus, the improved thermal stability of those Fcab clones also made them more resistant to aggregation.
Finally, we assessed the affinity of HEK293 expressed Fcabs to Her2/neu-positive SKBR-3 cells. In agreement with the data of Fcabs expressed in yeast, the strongest binding could be observed for STAB1 (Fig. 5B and Table II for K D values). The affinity of STAB5 was slightly improved compared with H10-03-6 and STAB19 showed 4-to 5-fold decreased Her2/neu-binding properties.
Discussion
The aim of this study was stabilization of the Her2/neubinding Fcab clone H10-03-6, which was previously selected from an Fcab library containing randomly mutated structural loops in the CH3 domains (Wozniak-Knopp et al., 2010) . It has been shown that engineering those loops for binding to the antigen decreased the stability of the resulting Fcab . Moreover, in the present study we also show that the retention time during SEC analysis is elevated. As the size of H10-03-6 and Fc-wt are similar as shown by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Supplemental Fig. S2A and B) , the higher retention time may be caused by partial misfolding of the Fcab, resulting in exposure of hydrophobic patches that interact with the column matrix. An alternative explanation would be increased hydrophobicity -combined with the insertion of 5 residues -in the EF-loop of H10-03-6 compared with Fc-wt. In addition, after storing the Fcab H10-03-6 at 22 or 378C for 4 weeks aggregates were observed. Modifying the existing or obtaining additional functions (in this case antigen binding) by protein Stability engineering of Her2/neu-binding IgG1-Fc engineering is often accompanied by impaired folding and stability of the respective protein (Bloom et al., 2006; Pavoor et al., 2009; Traxlmayr et al., 2011) . Therefore, strategies are needed for rapid and efficient elimination of these undesirable biophysical/chemical properties.
In other studies, phage display has been used for improving the stability and/or resistance to aggregation of antibody variable domains (dAbs) (Jespers et al., 2004; Famm et al., 2008) and scFvs (Jung et al., 1999) . Randomized protein libraries were displayed on phage, followed by incubation at high temperatures, low pH or high concentrations of guanidinium chloride and subsequent selection for binding to a structurally specific ligand or to the antigen.
However, in contrast to phage display, yeast display offers the advantages of a eukaryotic expression system, such as N-glycosylation and oxidative protein folding, enabling display of highly complex proteins (Gai and Wittrup, 2007; Pepper et al., 2008) . For those reasons, we used yeast display in this study. The selection process was based on a protocol that was introduced by Shusta et al. (2000) and recently further developed for stability engineering of highly stable proteins, requiring heat shock temperatures that exceed the viability limit of yeast ( In the present work the strategy included moderate mutagenesis of the antigen-binding structural loops, followed by expression of the Fcab library on the surface of yeast and selection for retained Her2/neu binding after heat incubation. Thus, the selection pressure was directed toward two properties of the Fcab: (i) resistance to irreversible thermal denaturation and (ii) affinity to the antigen. This was confirmed in the experiment depicted in Fig. 1 , demonstrating that Her2/ neu binding of surface displayed H10-03-6 was reduced by both, heat stress prior to incubation with the antigen, as well as decreasing antigen concentration. In other studies where proteins have been stabilized by using yeast display, the libraries were generated by error-prone PCR of the entire gene, followed by heat incubation and selection of clones with retained binding to a structurally specific ligand (Shusta et al., 2000; Weber et al., 2005; Jones et al., 2006; Aggen et al., 2011; Traxlmayr et al., 2012a; Traxlmayr and Obinger, 2012) . However, in order to avoid additional mutations with respect to the wild-type protein, and thereby to reduce the potential risk of immunogenicity (Hermeling et al., 2004) , only the antigen-binding loop regions that have already been mutated in the parental clone H10-03-6 (Wozniak-Knopp et al., 2010) were re-randomized in this study. Thus, in order to maintain the antigen-binding properties of the Fcab, it was Fig. 6 . Size-exclusion chromatography of Fcabs after long term storage. After expression in HEK293 cells, purified Fcabs were either incubated at 228C or at 378C for 4 weeks in PBS. Subsequently, the structural integrity of the proteins was analyzed by SEC and compared with measurements which had been performed before the incubation.
necessary to choose the antigen -instead of any other Fc ligand -for flow cytometric sorting.
The decision not to randomize the wild-type residues Arg416 and Trp417 [located between the two randomized regions of the EF-loop: 413 -415 (with five insertions) and 418 -419] was based on the following observations: (i) the crystal structure of IgG1-Fc (PDB-ID 1OQO) reveals that Arg416 forms a salt bridge with Glu388 and Trp417 is buried in the hydrophobic core of the molecule; (ii) although those residues were randomized during the affinity maturation process yielding the Fcab clone H10-03-6, Arg416 and Trp417 were re-selected (Wozniak-Knopp et al., 2010) ; (iii) a recently published 'stability landscape' of the CH3 domain of human IgG1 demonstrated that residues 416 and 417 are less tolerant to mutation than other parts of the EF-loop (Traxlmayr et al., 2012b) . Together, this indicates an important role of Arg416 and Trp417 in the fold and stability of human IgG1-Fc. Accordingly, those residues were excluded from mutagenesis.
Moreover, we investigated whether it is beneficial to additionally probe the Fcab mutants for binding to structurally specific ligands which are highly sensitive to conformational changes of the Fc. For this purpose, two experiments were performed: in both the library was heated and subsequently selected for antigen binding, but only in one experiment the cells were additionally sorted for binding to a structurally specific IgG1-Fc ligand (FcgRI or anti-CH2). Although the two resulting libraries interacted with FcgRI and anti-CH2 with similar intensity (Fig. 3B) , more detailed biochemical characterization of solubly expressed Fcab clones demonstrated that the mutants that were stabilized most and performed best in SEC (STAB14 and STAB19, Fig. 4) were only enriched in the library that was also selected for binding to FcgRI and anti-CH2 (Table I ). This strongly suggests that including a structurally specific ligand in the selection process yields even better performing clones that are highly stable and exhibit a wild-type-like fold.
However, it should be noted that all selected Fcabs that were subsequently expressed solubly in P. pastoris or HEK293 were more stable and showed more wild-type-like SEC profiles (except for STAB15) than their parent H10-03-6, even though they were improved to a lesser extent than STAB14 and STAB19. Interestingly, although the experimental procedure primarily aimed at improved thermal stability (retained antigen binding after heat incubation), other biophysical properties of the selected Fcabs were also improved: (i) the retention time during SEC analysis was more wild-type-like, indicating a more compact fold and therefore less interaction with the column matrix; (ii) in contrast to the parental clone H10-03-6, the mutants STAB5 and STAB19 did not aggregate, even after long-term storage; (iii) the solubility of the most stable clone (STAB19) was strongly enhanced (.20 mg/ml) compared with the parental clone which was prone to precipitation at much lower concentration. The improved resistance to aggregation might especially be of high importance, since it has been shown in various studies that aggregation increases the immunogenicity of therapeutic proteins (Moore and Leppert, 1980; Braun et al., 1997; Hermeling et al., 2004) .
More detailed investigation of the selected Fcab sequences showed that a majority of the enriched mutations decrease the hydrophobicity of the AB-and EF-loops. The reduction of hydrophobic patches in the loop regions could be the explanation for the reduced aggregation, shortened retention on the SEC column, as well as for higher solubility of the selected Fcabs. Moreover, detailed sequence analysis also revealed potential N-glycosylation sites in the AB-loops of STAB5 and STAB11, because in those mutants an Asn was selected at position 362 (the last position of the randomized AB-loop, Table I ), followed by residues V363 and S364. Indeed, analysis by SDS-PAGE showed increased molecular masses for those two Fcabs ( Supplementary Fig. S2A and B) . Removal of N-linked glycosylations by using PNGase F resulted in comparable molecular masses for all Fcabs ( Supplementary  Fig. S2C ), confirming that the increased size of STAB5 and STAB11 was indeed caused by N-glycosylation in the AB-loop.
The fact, that the carbohydrate linked to the AB-loop of those two clones did not diminish binding to the antigen, suggests that this part of the loop is not directly involved in interaction with Her2/neu, as it could be assumed that otherwise antigen binding would be blocked by the bulky glycosylation. Nevertheless, the residues G361 and D362 (the C-terminal part of the randomized region in the AB-loop) of the parental clone H10-03-6 were re-selected in STAB1, STAB14 and STAB15, indicating some function for those side chains, such as stabilization of the Fcab or the induction of a conformational change in the molecule that is necessary for the interaction of other loop regions (EF-loop and N-terminal part of the AB-loop) with the antigen.
Moreover, DSC analysis of Fc-wt expressed in P. pastoris and HEK293 cells showed that the type of glycosylation (yeast versus mammalian) also has a strong impact on the thermal stability of the protein. In particular, the CH2 domains of P. pastoris expressed Fc-wt (T m of 668C) are less stable than the HEK293 produced protein (718C). This is in agreement with a recent study, where the stabilities of fullsize IgG molecules were compared (Schaefer and Pluckthun, 2012) . In addition, the CH3 domains are partly destabilized. While the CH3 domains of HEK293 produced Fc-wt show one transition (Tm of 828C), they unfold with two transitions (T m values of 78 and T m of 838C, respectively) in the yeast expressed protein. Nevertheless, although Fcabs expressed in P. pastoris are less stable, their stability-ranking corresponded very well with the HEK293 expressed proteins. In both expression systems H10-03-6 was the least stable Fcab, followed by STAB1, STAB5, STAB19 and Fc-wt, respectively. Moreover, the results from the SEC analysis were also highly comparable between P. pastoris and HEK293 produced material. Together, this demonstrates that P. pastoris offers a quick and low-cost expression system for the characterization of Fcab proteins with respect to their biophysical properties, such as folding and stability.
Summing up, the properties of the Fcab clones selected in this study indicate that it is not possible to simultaneously achieve strong improvements in both, affinity and stability. Fcab clones that retained antigen-binding affinity were only moderately stabilized (STAB1, STAB5 and STAB11), whereas the highly stable mutants lost some of their affinity (STAB14, STAB19). We hypothesize that by choosing the appropriate heat shock temperature and antigen concentration, it is possible to fine-tune the selection pressure between stability and affinity. The strategy in this study was clearly focused on stability, since the chosen heat incubation conditions resulted in nearly complete denaturation of the parental Fcab H10-03-6 (Fig. 3A) . Conventional affinity maturation would represent the other extreme, where no heat shock is applied at all, usually resulting in strong improvements in affinity, but not in stability.
The two most promising Fcab clones yielded by this study are STAB5 and STAB19. STAB5 retained the Her2/neubinding affinity of the parental clone, while being moderately stabilized and resistant to aggregation. The most stable mutant was STAB19. This Fcab clone was not only significantly more stable and resistant to aggregation, but it was also highly soluble and showed SEC profiles that were nearly indistinguishable from Fc-wt. However, the affinity of STAB19 to Her2/neu was 4-to 5-fold decreased compared with H10-03-6 (109 and 348 nM for P. pastoris and HEK293 produced STAB19 protein, respectively). A recently published model for targeting Her2-positive tumors has shown that a 50-kDa protein (such as an Fcab) requires an affinity of 10 nM in order to achieve 90% of the maximum tumor uptake (Schmidt and Wittrup, 2009 ). Thus, for therapeutic applications the affinity of STAB19 should be improved by approximately one to two orders of magnitude in future studies. In these future studies it also needs to be investigated whether the resulting affinity matured clones retain the high Her2/neu-specificity, which has already been demonstrated for the parental clone of this study (H10-03-6) (Wozniak- Knopp et al., 2010) . Thus, STAB19 represents a promising starting point for future affinity maturations, because it still binds to the antigen with reasonable affinity while also being highly stable, soluble and resistant to aggregation. In order to retain those improved biophysical properties of STAB19, affinity maturation should include some selection pressure on stability.
Apart from the generation of stabilized Her2/neu-binding Fcabs, this study presents an experimental protocol that can be generally applied to engineered proteins in order to improve their biophysical properties including conformational stability, solubility and resistance to aggregation while the biological function (antigen binding) is retained. The prerequisite is that (i) the protein of interest can be displayed on the yeast surface, (ii) the parental protein loses its antigen-binding properties upon heating the yeast cells (the optimum heat stress conditions must be evaluated from case to case) and (iii) the availability of antigen for flow cytometric cell sorting.
Supplementary data
Supplementary data are available at PEDS online.
